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Two-dimensional materials are considered for future quantum devices and are usually produced
by extensive methods like molecular beam epitaxy. We report on the fabrication of field-effect
transistors using individual ultra-thin lead sulfide nanostructures with lateral dimensions in the mi-
crometer range and a height of a few nanometers as conductive channel produced by a comparatively
fast, inexpensive, and scalable colloidal chemistry approach. Contacted with gold electrodes, such
devices exhibit p-type behavior and temperature-dependent photoconductivity. Trap states play a
crucial role in the conduction mechanism. The performance of the transistors is among the ones of
the best devices based on colloidal nanostructures.
Inexpensive electronic applications require semicon-
ductor materials which can be easily processed, e.g. by
spin-coating or dip-coating [1]. Thus, researchers are
looking for materials that are solution processable while
exhibiting reasonable electronic properties. Colloidal
semiconductor nanoparticles are among the candidates
to be integrated into low-cost electronic devices [2]. They
are suspended in liquid media, mass-producible, and tun-
able in their optical and electrical properties due to quan-
tum confinement effects [3]. Colloidal nanomaterials are
promising due to the simplicity and thus the inexpen-
siveness of their production and subsequent processing.
One hurtle which needs to be overcome is the presence
of tunnel barriers in the nanoparticle films which lead to
high resistances. This effect is the consequence of long
isolating organic ligands capping the nanoparticles sur-
face. These ligands can be either replaced by shorter
ones including halides [4], or removed by physicochemi-
cal processes [5]. These post-treatments deteriorate the
nanoparticle surface but reduce the resistive power losses.
A different approach to reduce the tunnel barriers con-
sists in the use of inorganic capping ”ligands” such as
In2Se
2− on CdSe nanoparticles [6]. Such films find appli-
cations e.g. as field-effect transistors [7], thermoelectrics
[8], and photoconductors [9].
Yet another approach is to avoid tunnel barrier from
the beginning on and to synthesize continuous two-
dimensional materials in solution. Indeed, some progress
has been made in controlling the lateral dimensions [10]
and thickness [11] of nanostructures through varying pa-
rameters like the nature of the ligands which are used to
bind to specific facets of the nanocrystals and inhibit an
isotropic growth [12]. Recently, we demonstrated that
two-dimensional PbS nanosheets can be produced in so-
lution by colloidal chemistry [13]. We showed that lead
sulfide nanosheets form due to two-dimensional oriented
attachment of small zero-dimensional colloidal nanocrys-
tals. The nanosheets have a height of a few nanome-
ters and exhibit lateral dimensions in the order of a mi-
cron. Nevertheless, the control of anisotropic growth in
nanocrystal syntheses is still a great challenge. The PbS
nanosheets used in the here presented study were synthe-
sized based on the recently reported procedure with small
changes [10]. One modification made compared to the
reported synthesis was that tri-n-octylphosphine (TOP)
was omitted from the lead-precursor. 860 mg of lead ac-
etate was dissolved in a mixture of 10 mL diphenylether
(DPE) and 3.5 mL oleic acid (OA). The blend was heated
under N2 atmosphere to 85
◦C and degassed for about 2
hours. Then, the mixture was heated to 110◦C and 1
mL 1,1,2-trichloroethane (TCE) was added rapidly be-
fore finally at 130◦C a suspension of 12 mg thioacetamide
(TAA) in 930 µL TOP and 70 µL dimethylformamide
(DMF) was added to start the reaction. After 5 min-
utes the mixture was slowly cooled down to room tem-
perature and centrifuged. The residue was washed twice
with toluene and the final nanosheet material was re-
suspended in toluene. Figure 1a shows a transmission
electron microscopy image of a PbS nanosheet synthe-
sized in this way. By the omittance of TOP in the com-
plexation of the lead precursor the nanosheets become
more stable and grow larger in lateral dimensions com-
pared to the ones previously reported. This makes the
handling and further measurements of the physical prop-
erties of the nanosheets easier.
In order to characterize their electrical properties the
toluene suspended PbS nanosheets were spread by spin-
coating on a silicon substrate with 300 nm thermal oxide.
The silicon is highly n-doped and is used as back gate.
Subsequently, gold electrodes (1 nm Ti + 40 nm Au)
were defined by electron-beam lithography on individual
nanosheets resulting in a field-effect transistor configura-
tion. Figure 1b shows an atomic force microscopy image
of two electrical contacts on a PbS nanosheet taken after
the electrical characterization. The nanosheet has a lat-
eral size of 1.5 µm x 3.5 µm, and a total height of about 9
nm including a top and a bottom layer of self-assembled
oleic acid of a thickness of about 1.8 nm, yielding a height
of the inorganic part of about 5.4 nm (Figure 1c).
Immediately after contacting, the samples were trans-
ferred to a probe station connected to a semiconductor
parameter analyzer. The measurements were performed
under vacuum conditions. In Figure 2a the output char-
acteristics of the device (shown in Figure 1b) are dis-
played for bias voltages VDS between -2.5 V and +2.5
V (Vg = 0 V) and at temperatures between 77 K and
room temperature. The inset shows the same data plot-
ted on a logarithmic scale. The curves unveil that at
room temperature at any voltage different from 0 V a
current is flowing and the device has a finite zero-bias
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2FIG. 1: (a) TEM image of an ultra-thin single layer PbS
nanosheet, (b) AFM image of an individual nanosheet con-
tacted with two gold electrodes, (c) Height profile across the
nanosheet marked as red line in (b). Considering that the
nanosheet is covered on both sides by a monolayer of oleic
acid with a length of 1.8 nm, the thickness of the inorganic
nanosheet is about 5.4 nm.
conductance, which indicates that a good contact of the
gold electrodes to the PbS nanosheet is established. The
asymmetry regarding positive and negative bias values is
ascribed to the asymmetry in the contacts as can be seen
in Figure 1b. At lower temperatures the curves show
again a nonlinear behavior with a distinct asymmetry.
The zero-bias conductivity drops to the noise level. This
is an indication for barriers at the contacts which cannot
be thermally overcome at lower temperatures. The non-
linearity of the curves is probably also due to barriers at
the contacts. At lower temperatures these circumstances
lead to a substantially suppressed current at lateral volt-
ages below 1 V.
FIG. 2: (a) Output characteristics at room and lower temper-
atures for a fixed gate voltage of Vg = 0 V. Inset: Same data
as log(IDS)-VDS. (b) Transfer characteristic at a source-drain
voltage of VDS = +1 V.
The devices were also characterized by sweeping the
gate voltage from -5 V to +5 V (VDS = +1 V) yield-
ing the transfer characteristics shown in Figure 2b. The
current is higher for negative gate voltages, which indi-
cates that holes are the majority carriers in the conduc-
tive channel of the device. This means that the devices
show p-type behavior, though it is not very pronounced
at room temperature and at this range of gate voltages.
It can be seen that although the current is less for lower
temperatures, the curves are smoother and the switching
is more pronounced. It becomes possible to completely
switch off the devices to the noise level of the measure-
ment setup. The ON/OFF ratio amounts to 3.93105 at
120 K with a sub-threshold slope of 532 mV/dec, whereas
at room temperature the ON/OFF ratio is only 2.82.
Another way to evaluate the transistor performance is
by the figure-of-merit mobility. The field-effect mobility
µ, which indicates how fast charge carriers move inside
the material upon application of an electrical field, can
be determined by the expression
µFE =
dIDS
dVg
· L
2
VDSC
(1)
3where L is the device channel length between source
and drain electrodes and C the capacitance between the
channel and the back gate. The channel length L is 160
nm and the channel width W is 100 nm. The semicon-
ductor channel is separated from the back gate by a SiO2
layer of d = 300 nm. Thus, the capacitance is calculated
by
C = 0r · L ·W
d
(2)
with r(SiO2) = 3.9. Then, the maximum field-effect
mobility of the device shown here calculates to remark-
able 0.417 cm2V−1s−1 (Vg = -5 V, VDS = 1 V, T = 290
K). Furthermore, the conductivity has been calculated
by
σ =
IDS
VDS
· L
h ·W (3)
to 72.06 mS/cm (VDS = 2.5 V, Vg = 0 V, T =
290 K), with the height of the nanosheet h = 5.4 nm.
These values are minimum values for this material, since
no measures had been taken to improve these values,
e.g. by chemical or thermal treatments. The mobility
and the conductivity of the pristine material are already
larger than state-of-the-art thin film field-effect transis-
tors using PbSe [14] or PbS [15] nanocrystals. Our ap-
proach does not require post-treatments, and the con-
tinuity of the two-dimensional nanosheets assures the
seamless charge transport through the whole channel ma-
terial. We measured 36 devices with similar output and
transfer characteristics.
Beside the surprising fact that two-dimensional materi-
als can be formed in cubic systems, PbS nanosheets show
also interesting opto-electric properties [13]. As a semi-
conductor with a direct bandgap in the infrared region,
PbS is a good photo-absorber material [16]. From bulk
semiconductor systems to low-dimensional semiconduc-
tors the physical properties change significantly, which
is due to quantum confinement of the charge carriers.
In two-dimensional semiconductor systems the average
thickness is smaller than the Fermi wavelength in z di-
rection, the height [17]. Thus, the transistor charac-
terization has been performed at different temperatures
with and without illumination using a 637 nm laser. At
room temperature the effect of illumination was moder-
ate. However, upon illumination of the devices at lower
temperatures, as shown for 77 K in Figure 3, a pro-
nounced increase in current was observed. At 77 K the
current increased by a factor of 7404 for an intensity of
1 mW/cm2 (VDS = 1 V, Vg = 0 V), whereas under the
same conditions at 290 K only a factor of 1.8 was reached.
An increase in intensity increased also the current flow-
ing. Interestingly, the strongest increase was observed in
the region below 1 V where the conductivity in darkness
is virtually zero. This can also be seen in the transfer
characteristic in Figure 3b.
FIG. 3: Output (a) and transfer (b) characteristics in dark-
ness and under laser illumination (637 nm) with different in-
tensities at 77 K.
FIG. 4: Conduction mechanism.
The bandgap of bulk PbS is 0.41 eV. By the simple
”particle-in-a-box” approach the effective bandgap in a
confined PbS nanosheet of a thickness of 5.4 nm can be
calculated to be 0.63 eV. Since the effective masses of
electron and hole are almost equal it can be assumed
that the conduction and valence band shift by the same
amount. Considering an electron affinity of about 4.1
eV for confined PbS makes it possible to draw its energy
4levels [18]. In spite of the confinement the valence band
of the PbS nanosheets is still above the work function
of the gold electrodes of 5.1 eV. Thus, after Fermi level
equilibration Schottky barriers will be formed at the Au-
PbS contacts for the electrons and Ohmic contacts for
the holes (Figure 4a). This will promote a current based
on holes as majority carriers (Figure 4b). Positive values
for the gate voltage reduce the hole current and favor
the electron current (Figure 4c), whereas negative gate
voltages increase the hole current (Figure 4d).
The illumination of the samples lifts additional elec-
trons to the conduction band which fill trap states
and photo-generated carrier harvesting becomes possi-
ble. This is especially very efficient at around zero bias
or zero gate voltage. At lower temperatures this is more
effective since the trap states will not depopulate and
phonon scattering is reduced (Figure 4e). For negative
gate voltages the absolute value of the photo-current in-
creases more than for positive gate voltages, but the rel-
ative increase is higher for positive gate voltages. The
origin of this behavior can be explained by the electrical
field associated band bending. When the gate voltage is
negative the resulting band bending at the contacts is ef-
ficient for hole transport. Additionally, photo-generated
holes are efficiently transported to the source contact.
On the other side, at the drain contact the electrons
are collected. Since in the dark the electron transport
is suppressed the photo-generated electrons contribute
efficiently to the increase in current. The generation of
additional charge carriers leads partially to an increase
in current due to charge carrier harvesting, but it mainly
leads to filling of trap states which in turn increases the
conductivity of the material.
In summary, we demonstrated that gold contacted
pristine PbS nanosheets work as transistors with p-type
character and are suited for photo-electric applications.
Especially at lower temperatures the relative increase of
photo-current is remarkable. The pristine nanosheets
could be used as easy-processable, inexpensive semicon-
ductor material exhibiting mobilities and conductivities
outperforming the best state-of-the-art colloidal materi-
als, without any additional chemical or thermal treat-
ment.
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